MicroRNA-9 (miR-9) was detected in nonalcoholic fatty liver disease (NAFLD) patients to understand the role of miR-9 in NAFLD development.
Background
Fatty liver diseases are classified into alcoholic liver disease (ALD) related to heavy alcohol drinking, and nonalcoholic fatty liver disease (NAFLD) characterized by fat accumulation in the liver in the absence of alcohol intake [1] . As the most common form of chronic liver disease, 30% of the population in developed countries is affected by NAFLD [2, 3] . NAFLD may progress through multiple mechanisms, including increased hepatic TAG synthesis, elevated hepatic uptake of free fatty acids, and impaired b-oxidation or transport of free fatty acids from the liver [4, 5] . Additionally, obesity, metabolic syndromes, insulin resistance, hyperinsulinemia, systolic hypertension, and dyslipidemia are very closely associated with NAFLD development and progression [6] . The NAFLD disease spectrum ranges from steatosis to steatohepatitis (NASH), and is a complex disease influenced by both environmental and genetic factors, with multiple independent disease modifiers that control NAFLD pathogenesis and progression [7] [8] [9] . Potential therapeutic targets for NAFLD are in urgent need and, in this context, microRNAs have recently gained significant attention for their crucial cellular roles in regulating pathways that are highly relevant to human diseases [10, 11] .
MicroRNAs (miRNAs) are small endogenous non-coding RNAs of 19-25 nucleotides in length and are key regulators of posttranscriptional gene expression [12, 13] . Abnormal expression of miRNAs is associated with several human diseases such as cancer, diabetes, metabolic disorders, neurological disorders, and cardiovascular diseases. For this reason, microRNAs are important both as biomarkers and as therapeutic targets for clinical applications in several human pathological states [14] . Indeed, Yue Zhao et al. found significantly elevated expression levels of miR-30c, miR-338, miR-34a, and Let-g, and reduced levels of miR-148b and miR-9 expression in HepG2 hepatocellular carcinoma cell line compared to normal liver cell line L-02 [15] . Interestingly, Ramachandran et al. reported that miR-9 plays similar roles during glucose-dependent secretion in pancreatic b-islets by targeting Sirt1. They found reduced Sirt1 levels when miR-9 expression was high and proposed that the functional link between miR-9 and Sirt1 expression levels could be relevant to diabetes [16] . Recent evidence also suggests that abnormal expression of miRNAs interfere with insulin-mediated signal transduction, resulting in insulin resistance, and abnormal lipid metabolism, and eventually promotes NAFLD development. However, current research in miRNA and NAFLD is still in its early stages and there is no firm consensus on the underlying mechanisms and targetable miRNAs for NAFLD treatment [17] . It is also not entirely clear if miR-9 functions in specific pathways or is more broadly involved in cellular mechanisms since Miranda et al. reported the value of several miRNAs, including miR-9, as therapeutic targets for alcohol-related disorders [18] . Surprisingly, despite the close association between metabolic disorders and NAFLD, there is no study yet reporting the potential relationship between miR-9 and NAFLD. In this study, we examined the miR-9 expression levels in NAFLD to understand the prognostic and therapeutic value of miR-9 in NAFLD development.
Material and Methods

Subjects
A total of 155 study participants underwent health examinations at the medical center of the First Affiliated Hospital of China Medical University between February 2014 and February 2015. Among them, 105 cases of NAFLD were confirmed by B ultrasonic diagnosis and liver biopsy pathology, including patients with mild NAFLD (n=58) and moderate-severe NAFLD (n=47); nonalcoholic steatohepatitis (NASH) (n=53) and non-NASH (n=52); and 50 healthy participants with normal liver enzymes and abdominal ultrasonography findings were regarded as the healthy control group. The inclusion criteria were: (1) 18 years or older; (2) persistently elevated aminotransferases for at least 6 months; (3) hyperechogenic liver diagnosed by ultrasonography; and (4) liver histology with a diagnosis of NASH without cirrhosis obtained no more than 6 months before the study. The exclusion criteria were: (1) alcohol consumption history; (2) hypertension; (3) any other form of chronic liver disease; (4) use of any medications which might cause or affect NAFLD; (5) abnormal thyroid function tests; (6) fasting plasma glucose (FPG) more than 126 mg/dL or antidiabetic drug use; (7) chronic obstructive pulmonary disease; peripheral and cerebral vascular disease; hematologic disorders; acute or chronic infection; cancer history of cancer; and chronic kidney diseases. All subjects underwent a clinical examination and were questioned regarding their medical history. This study was approved by the Ethics Committee of the First Affiliated Hospital of China Medical University and informed consent was obtained from all human subjects. The ethics approval for this study conformed to the standards of the Declaration of Helsinki [19] .
B ultrasound diagnostic criteria
B ultrasound diagnostic criteria of NAFLD were based on the NAFLD imaging diagnostic criteria published by Chinese Medical Association in 2006 [20] : (1) diffuse enhanced liver near-field echo (stronger than that in the kidney and spleen) and gradually attenuated far-field echo; (2) unclear intrahepatic duct structure; (3) mild to moderate enlargement of liver with round and blunt edge angle; (4) color Doppler flow imaging showed reduced or no flow signals in the liver but normal liver blood vessels direction; and (5) unclear or incomplete liver right lobe capsule and diaphragm echoes. Mild NAFLD patients were diagnosed with (1) and one of (2) to (4); moderate NAFLD patients were diagnosed with (1) and two of (2) to (4); and severe NAFLD patients were diagnosed with (1), two of (2) to (4), and (5). Computer tomography (CT) criteria were: generally lowered liver density, mild NAFLD patients were diagnosed with liver/spleen CT value more than 0.7 and less than 10, moderate NAFLD patients with liver/spleen CT value more than 0.5 and less than 0.7, and severe NAFLD patients with liver/spleen CT value less than 0.5. All the fatty livers were uniform fatty liver, and were jointly confirmed by 2 attending physicians.
Pathological diagnosis
We used the guidelines for NAFLD activity score (NAS) published by NASH Clinical Research Network pathology working group of the US National Institutes of Health and liver fibrosis staging [21] . NAS (0-8 points): (1) hepatic steatosis: 0 point (<5%); 1 point (5% to 33%); 2 points (34% to 66%); and 3 points (>66%); (2) lobular inflammation (necrosis detected by 20 times of microscope counting): 0 point, none; 1 point (<2); 2 points (2 to 4); and 3 points (>4); (3) hepatocyte ballooning degeneration: 0 point, none; 1 point, rare; and 2 points, common. NAS is a semi-quantitative scoring system; patients with NAS less than 3 points can be excluded from NASH, while patients with NAS more than 4 points can be diagnosed as NASH, and patients with NAS between 3 to 4 points can be regarded as possible NASH. Liver fibrosis stages (0-4) are: 0: no fibrosis; 1a: mild perisinusoidal fibrosis in the hepatic acinar zone 3; 1b: moderate perisinusoidal fibrosis in the hepatic acinar zone 3; 1c: only portal perivascular fibrosis; 2: combined perisinusoidal fibrosis in the hepatic acinar zone 3 and portal perivascular fibrosis; 3: bridging fibrosis; and 4: highly suspected or confirmed cirrhosis, including combined NASH with cirrhosis, fatty liver cirrhosis and cryptogenic cirrhosis (liver steatosis and inflammation are alleviated with the progression of liver fibrosis). NASH was diagnosed with liver fibrosis stage more than 2 [22] .
General information
Medical history was recorded and fasting height, weight, waist circumference, hip circumference, and systolic and diastolic blood pressure were measured. Body mass index (BMI=weight/ height 2 ) and waist-hip ratio (WHR=waist circumference/hip circumference) were calculated.
Conventional biochemical indices
Fasting elbow venous blood (8 ml) of each study participants was collected. Three ml of the blood samples without anticoagulation was placed in a water bath at 37°C for 30 min and centrifuged at 1400×g, the supernatant was collected and kept at -20°C for the measurement of the following liver function indices: alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase (GGT) and total bile acid (TBA), total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and fasting plasma glucose (FPG), using a HITACHI 7060 automatic biochemical analyzer (Hitachi 7060, Hitachi Ltd., Tokyo, Japan). The other 5 ml of blood samples were centrifuged at 1200×g for 10 min at 4°C; then, the upper fluid was transferred to a 1.5-ml Eppendorf tube and centrifuged at 12 000×g for 10 min at 4°C. Subsequently, the supernatant was carefully moved into a new Eppendorf tube and stored at -70°C for the detection of miR-9 expression.
Real-time fluorescence quantitative PCR (qRT-PCR) for miR-9 expression Total RNA was extracted from blood samples (5 ml) using Trizol reagent (Invitrogen, USA). The concentration of purified RNA was determined by measuring the absorbance at OD260/OD280. RNA purity was excellent and in the range of 1.9-2.1. RNA integrity was confirmed by agarose gel electrophoresis. The total RNA was used for synthesis of first-strand cDNA with an mRNA reverse transcription Kit (EXIQON). Relative expression level of miR-9 was measured by qRT-PCR as previously described [23] . The primer sequences are shown in Table 1 . An MJ-research fluorescence quantitative PCR instrument was used for qRT-PCR and the software operating system was opticon Monitor 2. The qRT-PCR reagent kit was purchased from Exiqon (Vedbaek, Denmark). The reaction conditions were: pre-denaturing for 5 min at 95°C, followed by 10 s at 95°C, and 1 min at 60°C, for 40 cycles in total. U6 was used as internal control and the relative expression of miRNA was analyzed by 2-DDCT method.
Cell culture and experimental groups
Immortal normal human hepatic cell line L-02 was purchased from the Sun Yat-sen University cell bank. Cells were cultured in RPMI-1640 complete medium (USA GIBCO company) containing 10% fetal bovine serum (FBS) as previously described [24] and incubated at 5% CO 2 and 37°C. Growth medium was changed every 3 days. Cells were distributed into 3 groups after 24-h growth: normal group, dimethyl sulfoxide (DMSO) group, and oleic acid group. The cells were cultured further in fresh culture medium. The normal group contained culture medium with no additions, the DMSO group contained culture medium with different concentrations of DMSO (GIBCO, USA) (0.00%, 0.01%, 0.02%, 0.04%, 0.08%, and 1.60%), and the oleic acid group contained culture medium with different concentrations of oleic acid dissolved in DMSO (Sigma, USA) (5 g/ml, 10 g/ ml, 20 g/ml, and 40 g/ml). The oleic acid concentrations were adjusted to ensure that the final concentrations of DMSO in both the DMSO group and the oleic acid group were the same.
Determination of optimal concentration of oleic acid by MTT assay
Excess oleic acid overloading triggers apoptosis. Thus, optimal oleate concentration was determined to avoid triggering apoptosis and to maintain healthy cell growth. Optimal concentration of oleic acid was determined using MTT assay as previously reported [25] . L-02 cells from each group were inoculated in 96-well culture plates at 104 cells per well. Culture medium was set for the zero well. Five parallel wells were set for each group and cells were incubated for 24 h at 37°C with 5% CO 2 . Oleic acid induction in L-02 cells and subsequent steps for MTT assay were based on a previously published protocol [26] . A volume of 20 μl MTT solution (Sigma, USA) was added to each well at 24 h, 48 h, and 72 h, and the cells were further incubated for 4 h. Next, culture medium was carefully aspirated and 150 μl DMSO solution was added to each well and mixed well for 10 min on a micro-plate oscillator to dissolve formazan crystals. The absorbance was measured at OD490 nm using an ELISA plate reader.
Lipid droplet detection with Nile red staining
Formation of lipid droplet in normal and oleate-induced cells was monitored using standard Nile red staining conditions as previously described [27] . Cells were grown on 2.4×2.4 cm cover glasses in 6-well plates in 2.5 ml cell culture medium. Following the determination of optimal oleate concentrations, oleic acid was added to each well at a final concentration of 20 μg/ml. Cells were cultured for an additional 24 h, 48 h, or 72 h. At the end of these time points, cover glasses were removed, washed 4-5 times with PBS and fixed with paraformaldehyde for 10 min. Diluted and filtered Nile red solution (1-2 ml, Sigma, USA) was added to the cover glasses and stained for 10 min at room temperature. Nile red solution was removed and, after washing 3-5 times with PBS, the cover glass was mounted on a glass slide and sealed. Confocal images were acquired using a laser scanning confocal microscope (Olympus, Japan). A total of 10 high-power fields (HPFs) were randomly selected and 3 cells per each HPF were randomly chosen for fluorescence intensity analysis using Olympus Fluview ver. 3 viewer software.
Determination of intracellular TG content in L-02 cells
Cells were seeded separately into 6-well plates as the normal control group (DMSO added) and oleic acid-induced group (induced with oleic acid in DMSO). Oleate induction was for 24 h, 48 h, or 72 h. Next, cells were collected at the end of each time point and 5-10×10 6 cells were resuspended in 1 ml of PBS. Cell lysis was performed with an ultrasonicator (200 W, 3×3s) and the cleared supernatant was collected for subsequent measurements. The intracellular TG content was measured at OD570 by colorimetry method using the TG Kit (Biovision, CA, USA) as previously reported [25] . TG content was calculated as: C=TS/SV nmol/μl, TS is the content of TG in standard curve (nmol), and SV is the sample volume added in the sample well (before dilution) (μl).
Cells transfection
Transient transfections were performed using LipofectamineTM2 2000 (Invitrogen, USA). One day before transfection, cells were plated in 6-well plates containing 2.5 ml RPMI-1640 culture medium and incubated overnight at 37°C with 5% CO 2 . Next, cells were transfected at 30-50% confluency. Steatotic cells induced by oleic acid (20 μg/ml) were divided into: the miR-9 mimic group (transfected with miR-9 mimics), the miR-9 mimic negative control (NC) group (transfected with miR-9 mimic NC), the miR-9 inhibitor group (transfected with miR-9 inhibitors), the miR-9 inhibitor NC group (transfected with miR-9 inhibitor NC), the non-transfected steatotic cell group (nontransfection), and the normal control (NC) group. The miR-9 mimics and inhibitors were purchased from Dharmacon (Dharmacon RNA Technologies, Lafayette, CO, USA). miRNA/ Lipofectamine-2000 was dripped into 6-well plates, and 72 h later total RNA was isolated and miR-9 expression levels were measured by qRT-PCR. Lipid droplet formation was observed by Nile red staining.
qRT-PCR for detection of miR-9 target gene expression Total RNA was purified, as described above from the miR-9 mimic group, the mimic NC group, the miR-9 inhibitor group, the inhibitor NC group, and the untransfected cells group. The extracted RNA from each sample was reversetranscribed into cDNA using a reverse transcription kit (Fermentas, UK). GAPDH, Onecut2, SIRT1, REST, and CoREST primers were used for qRT-PCR. The reaction conditions were as described above. Primer sequences were Onecut2: upstream primer: 
Western blotting
Total protein was extracted by standard method as previously reported [28] and 50 µg total protein was resolved by 10% SDS-PAGE electrophoresis and transferred onto PVDF membranes. Following the transfer, the membrane was blocked for 1 h at room temperature with 5% skimmed milk. Subsequently, primary antibodies for Onecut2 (serial number: ab28466), SIRT1 (serial number: ab12193), REST (serial number: ab21635), and CoREST (serial number: ab32631) were added and incubated at 4°C overnight. Primary antibodies were purchased from Abcam (Cambridge, UK). The next day, secondary antibodies were added and incubated at 37°C for 1 h. Chemiluminescencebased detection was performed and results were imaged with a CCD camera.
Dual luciferase reporter gene assay
Target genes of miR-9 were analyzed using biological prediction site microRNA.org to verify if Onecut2, SIRT1, REST, and CoREST are direct target genes of miR-9. Full-length clone and amplification of 3 'UTR region of the Onecut2, SIRT1, REST, and CoREST genes were carried out. The PCR products were cloned into the multiple cloning sites of pmirGLO (Promega) luciferase gene downstream, and site-specific mutagenesis were conducted on the binding sites for the bioinformatics prediction of miR-9 and target genes. pRL-TK vector (Takara) expressing Renilla luciferase was used as internal reference to adjust the number of cells and the differences of transfection efficiency. miR-9 mimics and its NC were co-transfected with luciferase reporter vector into L-02 cells, and dual luciferase activity was measured by the method provided by Promega.
Statistical analysis
Data in each experimental group are expressed as mean ± standard deviation (SD) and analyzed by SPSS18.0 statistical software. The 2 independent-groups t test was used for comparisons of differences in miRNA expression levels in 2 groups that were normally distributed, with homogeneity of variance. The one-way analysis of variance (ANOVA) was used for comparisons between multiple groups. A non-parametric test was used to detect the differences in miRNA expression levels in groups that did not show normal distribution. The LSD t test was used for pair-wise comparisons. A value of P<0.05 was considered as statistically significant.
Results
General information and biochemical parameters comparison
Basic information of the study subjects and the results of biochemical measurements in the study groups are shown in Tables 2 and 3 . BMI, WHR, ALT, AST, GGT, TC, TG, LDL-C, and FPG in the mild NAFLD group and the moderate-severe NAFLD group were significantly higher compared with those in the healthy control group, while the liver/spleen CT value and HDL-C were obviously lower in the 2 NADLD groups than those in the healthy control group (all P<0.05). The BMI, WHR, ALT, AST, GGT, TG, and FPG were also significantly higher, while the liver/spleen CT value was obviously decreased in the moderate-severe NAFLD group than those in the mild NAFLD group (all P<0.05). However, there were no significant differences in TC, LDL-C, and HDL-C between the mild NAFLD group and the moderate-severe NAFLD group (all P>0.05). BMI, WHR, ALT, AST, GGT, TC, TG, LDL-C, and FPG were significantly higher, while the liver/spleen CT value and HDL-C were lower in the non-NASH and NASH group compared with those in the healthy control group (all P < 0.05). In comparison with the non-NASH group, ALT and GGT increased significantly while the liver/spleen CT value decreased obviously in the NASH group (all P<0.05).
Relative expression levels of miR-9 in each group
Relative expression levels of miR-9 were significantly different among the mild NAFLD group, moderate-severe NAFLD group, and the healthy control group (F=299.4, P<0.001) . Compared with the healthy control group, the relative expression of miR-9 levels was obviously increased in the mild NAFLD group and 3808 moderate-severe NAFLD group (both P<0.05). The miR-9 expression levels were also significantly higher in the moderate-severe NAFLD group than that in the mild NAFLD group (P<0.05). The relative expression levels of miR-9 were statistically significant in the NASH, non-NASH, and healthy control groups (F=156.287, P<0.001). Compared with the healthy control group, miR-9 relative expression levels were significantly increased in the NASH and non-NASH groups (both P<0.05), and the relative expression levels of miR-9 were also significantly higher in the NASH group than in the non-NASH group (P<0.05) ( Table 4) .
Cell morphology and proliferation
L-02 cell morphology appeared as fusiform-shaped with transparent cytoplasm. Further, the cells grew robustly and exponential cell growth was observed for 3 days. After 3 days, contact inhibition was observed. The cells reached 80%-90% confluency in 3 days and thus were passaged every 3 days ( Figure 1A ).
Trypan Blue staining showed 95% viability of L-02 cells at 24 h, 48 h, and 72 h in culture. After induction with oleic acid, steatotic hepatocytes appeared rounded, with blurred edges ( Figure 1B) . Oleic acid induced steatotic hepatocytes were discarded at the end of the experiments.
Screening of the optimum concentration of oleic acid and DMSO
Cultured L-02 cells grew normally with very few floating cells seen at oleic acid concentrations of 0 μg/ml (group A), 5 μg/ml (group B), 10 μg/ml (group C), and 20 μg/ml (group D). However, the number of floating cells increased notably when oleic acid concentration was increased to 40 μg/ml (group E). MTT assay was performed to measure cell growth at 24 h, 48 h, and 72 h. The MTT results showed no significant differences between group A, group B, group C, and group D (P>0.05), while a significant decrease was observed in group E compared to group A (P<0.01) ( Table 5 and Figure 2A) Table 2 . General information and biochemical parameters comparison among the healthy control group and NAFLD groups.
* Compared with the healthy control group, P<0.05; # compared with the mild NAFLD group, P<0.05; NAFLD -nonalcoholic fatty liver disease; BMI -body mass index; WHR -waist hip ratio; CT -computer tomagraphy; ALT -alanine aminotransferase; AST -aspartate aminotransferase; GGT -gamma-glutamyl transferase; TBA -total bile acid; TC -total cholesterol; TG -triglyceride; LDL-C -lowdensity lipoprotein cholesterol; HDL-C -high-density lipoprotein cholesterol; FPG -fasting plasma glucose. acid concentrations higher than 20 μg/ml negatively affected cell growth. The oleic acid concentration of 20 μg/ml was determined as the optimal concentration for all subsequent experiments. Various DMSO concentrations tested were: group I (0.0% DMSO), group II (0.1% DMSO), group III (0.2% DMSO), group IV (0.4% DMSO), group V (0.8% DMSO), and group VI (1.6% DMSO). As shown in Table 6 and Figure 2B , no significant difference in cell morphology was observed among the 6 groups (P>0.05). Also, DMSO concentrations of less than 1.6% had no influence on cell growth.
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Fluorescent labeling of intracellular lipid droplets by Nile red staining
Under a confocal microscope, L-02 cells in the normal control group showed visible nuclei, clear edges, and rare lipid droplets, as shown in Figure 3 . L-02 cells became rounded at 24 h, 48 h, and 72 h after induction with oleic acid. Scattered lipid droplets that stained red with Nile red were observed in the cells. When the lipid droplets were numerous in a single cell, they formed a ring-shape at the edge of the inner membrane. Prolonged induction with oleic acid gradually increased the number of Table 3 . General information and biochemical parameters comparison among the healthy control, NASH and non-NASH groups.
* Compared with the healthy control group, P<0.05; # compared with the NASH group, P<0.05; NASH -nonalcoholic steatohepatitis; BMI -body mass index; WHR -waist hip ratio; CT -computer tomagraphy; ALT -alanine aminotransferase; AST -aspartate aminotransferase; GGT -gamma-glutamyl transferase; TBA -total bile acid; TC -total cholesterol; TG -triglyceride; LDL-C -lowdensity lipoprotein cholesterol; HDL-C -high-density lipoprotein cholesterol; FPG -fasting plasma glucose. 
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intracellular lipid droplets with time ( Figure 3A-3D ). Figure 3E shows 
Intracellular TG content in the cells
As shown in Figure 4A , intracellular TG content increased with the duration of oleic acid induction. As expected, the intracellular TG content in oleate-induced experimental groups at 24 h, 48 h, and 72 h were significantly higher than in the normal control group (24 h Figure 4B ).
MiR-9 expression in the fatty liver cells
Changes in miR-9 expression were measured by qRT-PCR analysis in various experimental groups. L02 cells were transfected with miR-9 mimics, mimic control, miR-9 inhibitor, and inhibitor control. MiR-9 expression was significantly increased in the untransfected steatotic cell group, mimic NC group, inhibitor NC group, miR-9 mimic group, and miR-9 inhibitors group, when compared to the NC group (all P<0.05). Further, miR-9 expression in the miR-9 mimic group was significantly higher than in the untransfected steatotic cell group, mimic NC group, and inhibitor NC group, while it was lower in the miR-9 inhibitors group (all P<0.05). No significant differences in miR-9 expression were detected between the untransfected steatotic cell group, mimic NC group, and inhibitor NC group (all P<0.05) ( Figure 5 ). 
Changes of intracellular lipid droplets after transfection
The accumulation of intracellular lipid droplets is shown in Figure 6A -6F. Visible nuclei, clear edges, and rare lipid droplets were observed in normal L-02 cells. On the other hand, scattered lipid droplets were observed at the edge of the inner membrane in L-02 cells transfected with miR-9 mimics and miR-9 inhibitors. When the lipid droplets were numerous in L-02 cells transfected with miR-9 inhibitors, they were generally located in the perinuclear area. Compared with the NC group (287.76±51.18), the mean fluorescence intensity of the lipid droplets was significantly elevated in the untransfected steatotic cell group, miR-9 mimic group, and miR-9 inhibitor group (all P<0.05). Olympus Fluoview ver. 3.0 viewer software tools were used to analyze the mean fluorescence intensity, as shown in Figure 6G . Compared with the untransfected steatotic cell group, the mean fluorescence intensity increased significantly in the miR-9 mimic group (1386.49±43. 44 
Prediction and identification of miR-9 target genes
TargetScan and Pictar databases were used to predict miR-9 target genes. Four genes -Onecut2, SIRT1, REST, and CoREST -were selected for further target validation. Next, the target gene expression levels were measured by qRT-PCR using total RNA purified from tissues and cells of the various experimental groups. Our qRT-PCR results indicated that over-expression of miR-9 was accompanied by down-regulation of Onecut2 and SIRT1, but no changes in REST and CoREST expression levels were detected in the experimental samples ( Figure 7A-7D) . Western blotting results were consistent with our qRT-PCR results of the expression levels of Onecut2, SIRT1, REST, and CoREST in the NC group, untransfected steatotic cell group, mimic NC group, inhibitor NC group, miR-9 mimic group, and miR-9 inhibitors group ( Figure 7E ). Target relationship between miR-9 and Onecut2, REST, SIRT1, and CoREST Biological predictor targetscan.org revealed that miR-9 can target to Onecut2, SIRT1, REST, and CoREST ( Figure 8A ). To confirm that Onecut2, SIRT1, REST, and CoREST are direct target genes of miR-9, firstly, the 3'-UTR of REST mRNA, 3'-UTR of CoREST mRNA, 3'-UTR of SIRT1 mRNA, and 3'-UTR of Onecut2 mRNA were inserted to the luciferase reporter gene to obtain luciferase reporter recombinant vector plasmids: pREST-Wt/pREST-Mut, ...ACUUUUCUGAGGCAAACCAAAGG...
3' AGUAUGUCGAUCUAUUGGUUUCU
5'
3'
Position 930-936 of RCOR1 3' UTR hsa-miR-9-5p
...CAAGUUAUUUGCUAG ----CCAAAGAU...
AGUAUGUCGAUCUAUUGGUUUCU
A B
pCoREST-Wt/pCoREST-Mut, pSIRT1-Wt/pSIRT1-Mut, and pOnecut2-Wt/pOnecut2-Mut. Dual luciferase report system results showed that the fluorescence signal of the 3'-UTR of SIRT1 mRNA and 3'-UTR of the Onecut2 mRNA co-transfected group decreased by about 42% and 45% compared with the other groups (all P<0.05), but there was no obvious decrease of fluorescence signals in the REST group and CoREST group (all P>0.05) ( Figure 8B ). Luciferase signals of the mutant transfected group were not significantly decreased (all P>0.05). Therefore, Onecut2 and SIRT1 were potential target genes of miR-9 in L-02 cells, suggesting that miR-9 is able to target Onecut2 and SIRT1.
Discussion
To investigate prominent miRNA pathways influencing NAFLD, we measured miR-9 expression levels in liver tissues derived from NAFLD patients and performed in vitro experiments using normal L-02 cells induced with oleate. The qRT-PCR results from patient tissue samples revealed that miR-9 relative expression levels in mild and moderate-severe NAFLD were strikingly elevated compared to normal healthy controls. Further, miR-9 relative expression levels in moderate-severe NAFLD patients were significantly higher than in mild NAFLD 3816 patients. These results support our hypothesis that miR-9 expression levels are dramatically increased during hepatic steatosis progression and that miR-9 tissue expression levels reflect the disease severity of NAFLD. Previous studies reported that miR-9 expression is highly restricted to brain, liver, and pancreatic islets, and miR-9 plays a pivotal role in exocytosis of insulin [16] . Stimulated exocytosis of insulin is a precisely controlled biological process that has a global impact on body metabolism and on blood glucose levels [29] . An in vitro model of oleic acid-induced steatosis was successfully established using normal L-02 liver cells. Results from our detection, characterization, and quantification of intracellular lipid droplet formation and the measurement of TG content in the L-02 cell model showed that oleate induction led to a set of consistent cellular changes that are characteristic of human NAFLD. We used this in vitro model to further study NAFLD development in relation to changes in miR-9 levels. Oleic acid is a monosaturated omega-9 FFA that induces hepatic steatosis in HepG2 cells [26] . Oleic acid treatment results in accumulation of intracellular lipid droplets, recapitulating the pathological changes related to early events in the development of liver steatosis [30] . Hepatic steatosis is a typical feature of NAFLD [31] and oleic acid accumulation correlates with widespread cellular apoptosis [32, 33] , which causes significant tissue damage and triggers adverse tissue responses. For example, overaccumulation of monosaturated fatty acids, like oleate, triggers increased uptake of long-chain saturated fatty acids and leads to cell death due to lipotoxicity. In addition, increased production of reactive oxygen species (ROS) and oxidative stress due to elevated lipid peroxidation further activates apoptotic pathways [34, 35] .
Fat metabolism in the liver includes oxidation of triglycerides to produce energy, synthesis of lipoproteins, conversion of carbohydrates and proteins into fatty acids and triglycerides, and biosynthesis of cholesterol and phospholipids [36] . Hepatic steatosis is predominantly defined as the accumulation of hepatic lipid, mainly TG, in the liver [37, 38] . Tessari et al. defined NAFLD as hepatic TG concentration exceeding 5% of liver weight [39] . In support of this, our measurement of TG levels in patient samples and in L-02 cells revealed a tight relationship between hepatic steatosis and intracellular TG levels. Steatotic hepatocytes exhibited markedly increased lipid content and this increased lipid content worsened with longer duration of oleic acid induction. Consistent with our observations, a previous study reported 2.7 times higher TG content in an FFA-induced steatosis model in L-02 cells compared with controls, indicating the central role for TG in hepatic lipid metabolism and hepatic steatosis [40] .
Our study provides strong evidence of significantly increased miR-9 expression level in oleic acid-treated cells, suggesting that miR-9 elevation is associated with NAFLD development.
Abnormal miR-9 expression, due to mutations, deletions, or translocations, has been previously reported and altered expression of miR-9 plays an important role in the development of many diseases [41] . Previous studies showed that miR-9 can function as a novel metastasis suppressor in ovarian cancer, gastric cancer, medulloblastoma, and malignant melanoma tumor [42, 43] . Our qRT-PCR data from this study showed significantly increased miR-9 expression levels after experimentally induced hepatic steatosis, but we did not further test whether cell migration pathways were also affected in our experimental set-up, which may have important implications regarding liver cancer progression.
In our study, transient transfection of miR-9 mimics increased miR-9 expression level in oleic acid-induced L-02 cells, as expected, and was accompanied by a significant decrease in intracellular lipid droplets, compared to the normal cells. By contrast, miR-9 expression decreased significantly following transient transfection of miR-9 inhibitors, and intracellular lipid droplets increased significantly in oleate-induced L-02 cells. From these findings, we propose that the biological events underlying the observed accumulation of lipids in our in vitro model mirror the NAFLD disease pathogenesis. Thus, based on our results, we conclude that miR-9 levels strongly influence NAFLD development.
Bioinformatics-based prediction, combined with qRT-PCR analysis and Western blotting, identified Onecut2 and SIRT1 as the 2 prominent miR-9 target genes under the conditions tested. miRNAs bind to 3'-untranslated regions of target mRNAs and control their expression by either promoting mRNA degradation or inhibiting protein translation [44] . Target identification was, therefore, critical in our study to understand the biological context of the observed effects of miR-9. In this study, Onecut2 and SIRT1 were confirmed as miR-9 target genes, which will help future investigations to probe in greater detail the role of miR-9 in NAFLD. Based on the results we obtained in this study, we speculate that miR-9 negatively regulates Onecut2 and SIRT1 levels in insulin-secreting cells and both are involved in regulation of insulin secretion, implicating them in NAFLD development [16, 45] 
Conclusions
Our present study provides strong evidence that miR-9 level is significantly increased in liver tissues of NAFLD patients and in normal liver cells after experimental hepatic steatosis. While the transient transfection of miR-9 mimics significantly decreased intracellular fat content, transient transfection of miR-9 inhibitors had the opposite effect, as anticipated, and led to significant increases in intracellular fat content. miR-9 was able to target Onecut2, SIRT1, REST, and CoREST, but only
Onecut2 and SIRT1 in the L-02 cells had a significant response to miR-9 regulation, and miR-9 could significantly down-regulate the expression levels of Onecut2 and SIRT1. Collectively, these results indicate central roles for miR-9 and its target genes, Onecut2 and SIRT1, in the regulation of fat metabolism and in the pathogenesis and development of NAFLD.
